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An overview of the research on biomass upgrading by torrefaction for the production of 
biofuels is presented. Torrefaction is a thermal conversion method of biomass in the low 
temperature range of 200-300 °C. Biomass is pre-treated to produce a high quality solid 
biofuel that can be used for combustion and gasification. In this review the characteristics 
of torrefaction are described and a short history of torrefaction is given. Torrefaction is 
based on the removal of oxygen from biomass which aims to produce a fuel with increased 
energy density by decomposing the reactive hemicellulose fraction. Different reaction 
conditions (temperature, inert gas, reaction time) and biomass resources lead to various 
solid, liquid and gaseous products. A short overview of the different mass and energy 
balances is presented. Finally, the technology options and the most promising torrefaction 
applications and their economic potential are described. 

© 2011 Elsevier Ltd. All rights reserved. 


1. Introduction 

The transition to a society driven by renewable energy sources 
such as solar, wind, biomass, tide, wave and geothermal 
energy next to energy savings becomes even more an impor¬ 
tant alternative in our energy consumption. According to the 
World Energy Outlook [1] renewable energy sources are 
expected to be the fastest growing energy sources. In this 
spectrum of several different energy sources biomass is the 
only source that is based on sustainable carbon. 

In future energy scenarios an important role in the 
(renewable) energy supply has been addressed to biomass [1], 
The unique position of biomass as the only renewable source 


as sustainable carbon carrier makes biomass an attractive 
energy source. Biomass can be converted into energy via 
thermo chemical conversions, biochemical conversions and 
extraction of oil from oil bearing seeds. Among various 
thermo chemical conversion methods gasification is the most 
promising. Gasification is the partial oxidation of carbona¬ 
ceous feedstock above 800 °C to produce a syn-gas that can be 
used for many applications such as gas turbines, engines, fuel 
cells, producing methanol and hydrocarbons. Due to its higher 
efficiency, it is desirable that gasification becomes increas¬ 
ingly applied in future rather than direct combustion [2-4]. 
Coupling gasification with power systems increases the effi¬ 
cient use of thermal energy streams. 
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Biomass as energy source shows some typical character¬ 
istics which makes it a special, but rather complicated fuel for 
the future. Biomass is available in a wide range of resources 
such as waste streams, woody and grassy materials and 
energy crops. Woody materials are preferred above food 
crops, because of several reasons. Woody materials contains 
much more energy than food crops, the amount of fertilizers 
and pesticides necessary for wood is much lower and the 
production of woody materials is much higher than for food 
crops which means that the land use becomes smaller. 
Another characteristic of biomass is its climate neutral 
behavior. If biomass is grown in a sustainable way, its 
production and application produces no net amount of C0 2 in 
the atmosphere. The C0 2 released by the application of 
biomass is stored in the biomass resource during photosyn¬ 
thesis and is extracted from the atmosphere which means 
a climate neutral carbon cycle of C0 2 . 

On the other hand, some biomass properties are inconve¬ 
nient, particularly its high oxygen content, a low calorific 
value, a hydrophilic nature and a high moisture content. Also 
the energy production from biomass resources shows reduced 
overall energy efficiency due to photosynthesis. The overall 
energy efficiency from solar energy to biomass energy is 1-3% 
[5]. The high amount of oxygen also results in smoking during 
combustion. Other disadvantages of biomass are its tenacious 
and fibrous structure and its heterogeneous composition that 
makes process design and process control more complicated. 

The use of biomass is also subjected to limitation of land, 
water and competition with food production. The agricultural 
production of biomass is relatively land intensive and involves 
high logistics costs due to low energy density of biomass. For 
biomass based systems a key challenge is to develop efficient 
conversion technology which can also compete with fossil 
fuels. 

Torrefaction is a technology which can improve biomass 
properties and therefore offers some solutions to above 
problems. Torrefaction is a thermal pre-treatment technology 
to upgrade ligno-cellulosic biomass to a higher quality and 
more attractive biofuel. The main principle of torrefaction 
from a chemical point of view is the removal of oxygen with 
a final solid product: the torrefied biomass which has a lower 
O/C ratio compared to the original biomass. 

The aim of this review is to present recent developments in 
the torrefaction technology. In the next part the main torre¬ 
faction characteristics such as operating conditions, mass — 
and energy balances and particle size reduction are described. 
An overview of torrefaction kinetics and decomposition 
mechanism is given in part three. Finally, this review shows 
the applications of torrefaction and an economic evaluation of 
the production of torrefied biomass pellets. 


2. Torrefaction characteristics 

2.1. General process description 

Torrefaction is a thermal method for the conversion of 
biomass operating in the low temperature range of 
200—300 °C. It is carried out under atmospheric conditions in 
absence of oxygen. Other names for the torrefaction process 


are roasting, slow- and mild pyrolysis, wood cooking and high 
temperature drying. In recent history torrefaction has only 
been applied to various types of woody biomass, but already 
around 1930 the torrefaction process was studied in France. 
The amount of publications on torrefaction is relatively small 
but increasing in the last few years. Literature about torre¬ 
faction of diverse biomass resources can be found, namely: 
maritime pine, chestnut, oak and eucalyptus, Caribbean pine 
[6], birch, pine, bagasse [7], bamboo [8], wood briquette [9], 
willow and beech [2,10,11], pedunculate oak [12], lauan wood 
[13], and oil palm wastes [14], Just below 200 °C thermal 
methods are used for wood preservation [15—19], while tor- 
refaction is for energy purposes. 

Torrefaction is used as a pre-treatment step for biomass 
conversion techniques such as gasification and co-firing. The 
thermal treatment not only destructs the fibrous structure 
and tenacity of biomass, but is also known to increase the 
calorific value. Also after torrefaction the biomass has more 
hydrophobic characteristics that make storage of torrefied 
biomass more attractive above non-torrefied biomass, 
because of the rotting behavior. During the process of tor- 
refaction the biomass partly devolatilizes leading to 
a decrease in mass, but the initial energy content of the 
torrefied biomass is mainly preserved in the solid product so 
the energy density of the biomass becomes higher than the 
original biomass which makes it more attractive for i.e. 
transportation. 

A typical mass and energy balance for woody biomass 
torrefaction is that 70% of the mass is retained as a solid 
product, containing 90% of the initial energy content. The 
other 30% of the mass is converted into torrefaction gas, 
which contains only 10% of the energy of the biomass [20]. An 
energy densification with typically a factor of 1.3 can be 
attained. This is one of the main fundamental advantages of 
the torrefaction process. As the energy density of torrefied 
wood is significantly higher compared to untreated wood, 
larger transportation distances can be allowed. Another 
advantage of torrefied biomass is its uniformity in product 
quality. Woodcuttings, demolition wood, waste wood have 
after torrefaction quite similar physical and chemical 
properties. 

Research focused on torrefaction has been started in 
France in the 1930s, but publications about this research are 
limited. Pentananunt et al. [21] studied the combustion char¬ 
acteristics of (torrefied) wood in a bench scale torrefaction 
unit. It was shown that torrefied wood has a significantly 
higher combustion rate and produces less smoke than wood. 
Also it was found that torrefied briquettes were practically 
water resistant and torrefaction appeared a good technique 
for upgrading briquettes. The structure of the torrefied 
biomass is changed in comparison to the raw biomass which 
makes it brittle and hydrophobic [22—24], 

Ferro et al. [25] studied the effect of the raw material, 
temperature, residence time and nitrogen flow on the prop¬ 
erties of the torrefied products. The experiments were per¬ 
formed in a reactor tube with pine, lucern, sugar cane bagasse, 
wood pellets and straw pellets. It was concluded that the type 
of biomass influenced the product distribution in its gas, 
liquid and solid ratio. The same research has been done for 
birch [7], 
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The Energy research Centre Netherlands (ECN) has been 
working on the principle of torrefaction since 2002 and pub¬ 
lished various reports [20,26-28]. So far, their research has 
been focused on various woody biomass and herbaceous 
species as straw and grass. In particular the influence of feed, 
particle size, torrefaction temperature and reaction time on 
torrefaction characteristics such as mass and energy yield and 
product properties has been investigated. As torrefaction is 
not available commercially at the moment, much of the 
generated knowledge is used to develop this technology. On 
the basis of the principles of torrefaction it is strongly believed 
that it is has high potential to become a leading biomass pre¬ 
treatment technology [29], 

Prins et al. performed thermodynamic analysis of coupled 
biomass gasification and torrefaction [2,10,11,30]. This work 
is in line by what is done by the Energy research Centre 
Netherlands [20,26—28]. The research was focused on weight 
loss kinetics of wood torrefaction [10], analysis of products 
from wood torrefaction [11] and more efficient biomass 
gasification via torrefaction [2], It was shown that weight 
loss kinetics for torrefaction of willow can be accurately 
described by a two-step reaction in series model and more¬ 
over deciduous wood types, such as beech and willow [10], 
were found to be more reactive than coniferous wood. Prins 
concluded that the overall mass and energy balances for 
torrefaction at 250 and 300 °C showed that the process of 
torrefaction is mildly endothermic. The general conclusion 
was that the concept of wood torrefaction, followed by high 
temperature entrained flow gasification of the torrefied 
wood, is very promising [30], 

The mass and energy losses of torrefaction in nitrogen of 
two energy crops, reed canary grass and short rotation willow 
coppice (SRC), and wheat straw showed that the torrefied fuel 
can contain up to 96% of the original energy content in the 
solids [31]. Also the combustion behavior of raw and torrefied 
biomass was studied by differential thermal analysis. It is 
shown that both volatile and char combustion of the torrefied 
sample become more exothermic compared to the raw fuels. 
TGA experiments have shown that the torrefied product 
exhibited different volatile release and burning profiles. 
Combustion behavior of (torrefied) willow showed that the 
initiation of volatile release for willow torrefied at 290 °C is 
approximately 60 °C higher than for willow (untreated). For 
willow treated at 250 and 270 °C it is shown that the initiation 
starts at temperatures 30 °C and 40—50 °C higher. Finally, it is 
demonstrated that torrefied particles start char combustion 
quicker than the raw SRC particles, although char combustion 
is slower for the torrefied fuel. 

In the work of Arias et al. [32] the influence of torrefaction 
on the grindability and reactivity of woody biomass has been 
investigated to improve its properties for pulverized systems. 
After torrefaction at 220, 260 and 280 °C the grindability of raw 
biomass and the treated samples was compared and an 
improvement in grindability was observed after torrefaction. 
In order to evaluate the grindability of the raw biomass in 
comparison to the torrefied biomass the samples were 
handled in a cutting mill with a bottom sieve of 2 mm. The 
samples were then sieved and it is shown that the torrefied 
biomass has a particle size distribution in which the amount 
of smaller particles is larger. 


2.2. Process stages 

The overall torrefaction process can be divided into several 
steps, such as heating, drying, torrefaction and cooling. The 
definitions provided by Bergman et al. [20] have been used as 
a basis to further define the temperature—time stages in tor- 
refaction. Five main stages that have been defined in the total 
torrefaction process are: 

• Initial heating: the biomass is initially heated until the stage 
of drying of the biomass is reached. In this stage, the 
temperature is increased, while at the end of this stage 
moisture starts to evaporate. 

• Pre-drying: at 100 °C the free water is evaporated from the 
biomass at constant temperature. 

• Post-drying and intermediate heating: the temperature of 
the biomass is increased to 200 °C. Physically bound water is 
released, while the resistance against mass and heat 
transfer is within the biomass particles. During this stage 
some mass loss can occur as light fractions can evaporate. 

• Torrefaction: during this stage the actual process occurs. 
The torrefaction will start when the temperature will reach 
200 °C and end when the process is again cooled down from 
the specific temperature to 200 °C. The torrefaction 
temperature is defined as the maximum constant temper¬ 
ature. During this period most of the mass loss of the 
biomass occurs. 

• Solids cooling: the torrefied product is further cooled below 
200 °C to the desired final temperature, which is the room 
temperature. 

2.3. Mass and energy balances 

During torrefaction numerous different products are formed 
depending on the torrefaction conditions such as reaction 
temperature, residence time and biomass properties. As result 
of partial decomposition of biomass during this process, the 
chemical composition of original biomass changes as is 
shown in Fig. 1 called the van Krevelen diagram [30], The van 
Krevelen diagram gives information about the differences in 
the elemental composition (C-H—O ratio). In this figure the 
composition of typical fuels such as coal, lignite, peat 
biomasses is shown. It is clear that biomass compared to coal 
contains more oxygen. 

Torrefaction has a big influence on the properties of the 
solid product, mainly caused by the removal of oxygen from 



Fig. 1 - Van Krevelen diagram. 
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the original solid biomass resource. In the van Krevelen 
diagram for torrefied wood it is shown how the properties of 
the solid product are influenced and become more coal like [2]. 
It can be seen that biomass loses relatively more oxygen and 
hydrogen and properties changes in the direction of carbon 
[30], In this way the net calorific value (LHV) is influenced and 
the product becomes energy denser. 

Various products are formed as torrefied solid product, 
condensable volatiles and gas, as the biomass reacts under 
different conditions. An important parameter is the compo¬ 
sition of the biomass resource since the content of hemi- 
cellulose, cellulose and lignin differs influencing the product 
distribution. The effect of process conditions (residence time 
and torrefaction temperature) was studied by Prins [10,11,30] 
and Bergman [20], respectively. 

Prins et al. [11] studied the product distribution during the 
torrefaction of larch, willow and straw at different tempera¬ 
tures and reaction times. Table 1 presents the composition of 
wood and torrefied wood, derived at two different experi¬ 
mental conditions by Prins et al. [11]. Table 1 also shows that 
the lower atomic ratio between hydrogen and carbon and the 
lower oxygen to carbon ratio result into a higher LHV. It was 
found that the yield of solid product decreases with temper¬ 
ature and residence time. The observed weight loss for straw 
is comparable to willow and beech wood. The volatiles were 
subdivided into condensable and non-condensable volatiles. 
Acetic acid and water are the main condensable torrefaction 
volatiles. These products were ascribed to the decomposition 
of hemicellulose. The non-condensable volatiles formed were 
mainly carbon dioxide and carbon monoxide. At higher 
temperatures, both condensables and non-condensables are 
produced in a higher amount. 

In Figs. 2-5 [7,25] the product distribution is shown for 
torrefaction at different reaction conditions and several 
biomass resources such as birch, straw pellets, miscanthus 
and pine. During torrefaction the relative amounts of solid, 
liquid and gas can be determined. The liquid is formed after 
gases are condensed. As the temperature and residence time 
rises torrefaction forms more condensables and gasses. The 
amount of torrefied solid biomass left ranges between 65 and 
95%. It can be seen that a temperature rise has more influence 
on product distribution than a longer residence time which 
means that reactivity of the biomass becomes smaller after 1 
or 2 h. It can be seen that in case of pine more volatiless are 
formed compared to birch and straw. However, the differ¬ 
ences in torrefied behavior are of researched biomass sources 
are relatively small. 


Table 1- 

Composition of wood and torrefied wood [11]. 1 


Wood 

Torrefied wood 
(250 °C, 30 min) 

Torrefied wood 
(300 °C, 10 min) 

Carbon 

47.2% 

51.3% 

55.8% 

Hydrogen 

6.1% 

5.9% 

5.6% 

Oxygen 

45.1% 

40.9% 

36.3% 

Nitrogen 

0.3% 

0.4% 

0.5% 

Ash 

1.3% 

1.5% 

1.9% 

LHV (MJ/kg) 

17.6 

19.4 

21.0 


Table 2 presents the mass and energy balances for the data 
shown in Table 1 and Fig. 6 presents the overall mass and 
energy balances for both experiments [2]. It is shown that 
several organic (acid) condensable volatiles are formed such 
as acetic acid, furfural, formic acid, methanol, lactic acid and 
phenol. At 250 °C less volatiles are formed compared to tor- 
refaction at 300 °C. Also the torrefied wood at 250 °C is energy 
denser than the torrefied wood produced at 300 °C, mainly 
because of the acetic acid and other organics formed at high 
temperature. Non-condensable volatiles such as C0 2 and CO 
are the main gas products. 

Fig. 6 shows that, depending on the temperature, the solid 
torrefied product contains 95% (250 °C) and 79% (300 °C) of the 
energy input based on the LHV [2], Energy densifications of 1.1 
and 1.19 are determined for torrefied wood in relation to raw 
wood for the two experiments. It can be seen that the torre¬ 
faction process is slightly endothermic at different reaction 
conditions. 

In Fig. 7 [7,25] the influence of different torrefaction 
conditions (reaction temperature and residence time) for 
several other biomass streams on the energy densification is 
shown. The energy densification numbers vary between 1.00 
for straw pellets and 1.45 for miscanthus 1 torrefied at 280 °C 
for 3 h. 

An important parameter in the torrefaction process is the 
heat of reaction. Most of literature does not consider the heat 
of reaction directly, but rather a generic heat of pyrolysis. The 
reported values for wood, cellulose, hemicellulose, and lignin 
vary widely as reported by Rousset [33]. It is reported that the 
heat of pyrolysis for wood varies between -2300kJ/mol 
(exothermic) and 450kJ/mol (endothermic), -510 and 120 kj/ 
kg for cellulose, -455 and 79 kj/kg for lignin and -363 and 
42 kj/kg for hemicellulose. Park et al. [34] studied experimen¬ 
tally heat and mass transfer processes during wood pyrolysis. 
He concluded that both endothermic and exothermic reac¬ 
tions have been observed, however, the explanation of this 
behavior differs significantly. 

Van der Stelt [35] analyzed energy balances for the torre¬ 
faction of beech wood and found that with increasing reaction 
temperature torrefaction process become less endothermic 
and/or more exothermic. The heat of reaction that has been 
found is between 1500 kj/kg biomass (endothermic) and 
-1200 kj/kg biomass (exothermic). The formation of acetic 
acid and other organics have the highest influence on the 
energy balance. 

The energy efficiency of torrefaction process is commonly 
reported as the Net Thermal Process Efficiency that is the 
ratio between the energy yield in the product and the total 
energy (feedstock plus process input) [36], Some studies 
suggest that the commercial torrefaction can be realized at 
the efficiency of 90% but the most likely scenario would have 
the process efficiency of 80% of lower, depending on mois¬ 
ture content of biomass feedstock. Thermal efficiency of 
torrefaction can be increased by use of gaseous and liquid 
product produced during torrefaction as an energy source for 
the process heat. 


1 http://hem.fyristorg.com/zanzi/paper/zanziV2A-17.pdf 18th 
April 2008. 
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birch 



Fig. 2 - Product yield torrefaction of birch after 1, 2, and 3 hr at 230, 250, and 280 °C [7,25]. 


2.4. Particle size reduction 

In existing entrained flow gasification, as currently used for 
coal, a small particle size is necessary. Biomass resources 
have a tenacious and fibrous structure which makes it rather 
difficult to grind and suitable for co-firing in existing coal fired 
stations or other pulverized systems. Nowadays large energy 
consumption is necessary to get small particle size of typical 
biomass, such as wood. Torrefaction is a technology that 
improves the grindability of biomass resources. The Energy 
Research Centre Netherlands studied the grindability of 
several (woody) biomass feedstock, torrefied biomass and 
coal. Size reduction experiments show that the power 


consumption needed for grinding torrefied biomass can be 
reduced with 80-90% in comparison with untreated 
biomass [20], 

In Fig. 8 the power consumption necessary for grinding 
several samples of biomass to small particles is shown. Size 
reduction experiments were carried out for coal, torrefied 
woodcuttings (C), willow (W) and demolition wood (D) for 
different torrefaction conditions (temperature and residence 
time) and wet woodcuttings, willow and demolition wood. It is 
shown that the power consumption for grindability of torre¬ 
fied biomass is reduced and is compared to that of coal. 

Arias et al. [32] also studied the influence of torrefaction on 
the grindability and reactivity of woody biomass. The 



Fig. 3 - Product yield torrefaction of straw pellets after 1, 2, and 3 hr at 230, 250, and 280 °C [7,25]. 
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miscanthus 





Fig. 4 - Product yield torrefaction of miscanthus after 1, 2, and 3 hr at 230, 250, and 280 °C [7,25]. 


grindability was studied using a cutting mill, after which the 
particle size distribution of torrefied biomass was evaluated 
after torrefaction in the temperature regime of 240—280° C. 
Different sieve fractions are used to determine the effect of 
milling on the particle size and particle size distribution. It is 
shown that there is an improvement in the grindability 
characteristics of the torrefied biomass. The percentage of 
particles in the smallest sieve size increases after torrefaction. 

Bridgeman et al. [37] in their study compared the influence 
of torrefaction on grindability behavior of two energy crops, 
namely willow and miscanthus. Untreated biomass as well 
biomass torrefied at low temperature show very poor grind¬ 
ability. However, grindability was significantly improved after 


more severe torrefaction conditions ate higher temperature. 
After this torrefaction treatment both biomass feedstocks 
show grindability behavior comparable to that of coal whereas 
torrefied miscanthus was easier to grind than torrefied willow. 
Moreover the particle size distribution of the torrefied mis¬ 
canthus has comparable profiles to those of coal. 

The grinding experiments of torrefied pine chips and 
logging residues were performed by Phanphanich and Mani 
[38]. They found that grinding energy of torrefied biomass was 
reduced to as low as 24 KWh/t after the torrefaction at 300 °C. 
Specific energy consumption for grinding torrefied biomass 
was reduced 10 times for torrefied wood chips and up to 6 
times for torrefied logging residues. The specific grinding 



Fig. 5 - Product yield torrefaction of pine after 1, 2, and 3 hr at 230, 250, and 280 °C [7,25]. 
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Table 2 - Mass and energy balances for torrefaction of (dry) willow at a 
300 °C (reaction time of 30 min). Data per kg of wood input [2]. 

temperature of 250 °C (reaction time of 30 min) and 1 



Torrefaction (250 

C, 30 min) 

Torrefaction (300 °C, 10 min) 

Mass 

LHV 

Sensible heat 

Mass (kg/kg) 

LHV 

Sensible heat 

(kg/kg) 

(kj/kg) 

(kj/kg) 


(kj/kg) 

(kj/kg) 

Torrefied wood 







Org. material 

0.859 



0.655 



Ash 

0.013 



0.013 



Total 

0.872 

16,883 

202 

0.668 

14,024 

189 

Volatiles 







Steam 

0.057 

0 

24 

0.066 

0 

35 

Acetic acid 

0.021 

300 

6 

0.072 

1001 

28 

Other organics 

0.018 

258 

6 

0.142 

2280 

59 

Carbon dioxide 

0.029 

0 

6 

0.04 

0 

11 

Carbon monoxide 

0.003 

30 

1 

0.012 

121 

3 

Hydrogen 

Trace 

1 

0 

Trace 

1 

0 

Methane 

Negl. 

0 

0 

Trace 

2 

0 

Total 

0.128 

589 

43 

0.332 

3405 

136 


energy consumption decreased linearly with the increase of 
torrefaction temperature. 


3. Torrefaction kinetics and mechanism 

3.1. Introduction 

The mechanism of torrefaction is based on the reactivity of 
one of the three main biomass components, namely hemi- 
cellulose. The other two components (cellulose and lignin) are 
less reactive in the temperature range 200—300 °C. Low 
stability organic compounds that are highly volatile at low 
temperatures such as most of the food contain an extended 
amount of starch [39], Due to these different fractions biomass 
can decompose in different way under various conditions. 
Biomass torrefaction can be subdivided into four stages: 
moisture evaporation, hemicellulose decomposition, lignin 
decomposition and cellulose decomposition [20]. 

Devolatilization forms the major step in any thermo 
chemical conversion process involving biomass materials due 
to the fact that biomass materials comprise about 80% volatile 
fractions and 20% solid carbonaceous residue, namely char 
and ash, respectively [40], Torrefaction of biomass involves 
several reactions, which makes it a complex mechanism. 
Decomposition of biomass is actually a set of reaction taking 
place at the same time and can best be described with 
complex kinetic models. 

Knowledge of the torrefaction of the three main compo¬ 
nents cellulose, hemicellulose and lignin is important to get 
a fundamental base of understanding of torrefaction. If the 
temperature is increased to 200 °C hemicellulose starts 
limited devolatilasation and carbonization (the biomass starts 
to become brown). Hemicellulose decomposes into volatiles 
and a char-like solid product. Extensive devolatilization 
occurs when a temperature around 250—260 °C is reached. In 
this temperature range also lignin and cellulose slightly 
decompose, which do not lead to a significant mass loss. 


Ferro et al. [25] mention that after drying at 100 °C further 
heating removes chemically bounded water due to thermo¬ 
condensation reactions, which occurs at temperatures over 
160 °C. At this temperature also the formation of C0 2 starts. 
While different biomass resources consist of various frac¬ 
tions of hemicellulose, lignin and cellulose a variation in 
reactivity can be found among these resources. Bergman 
et al. [20] state that even the reactivity of hemicellulose very 
much depends on its molecular structure so that a large 
difference is observed between deciduous and coniferous 
wood. Torrefaction of deciduous wood leads to more devo¬ 
latilization and carbonization than torrefaction of coniferous 
wood [10]. 

Also the depolymerization of cellulose is believed to be 
another important step in the decomposition mechanism [26]. 


a 


Wood 1 kg 
17630 kj (± 240) 


Volatiles 0.128 kg 
632 kj 

Torrefied Wood 0.872 kg 
17085 (+ 209) kj 


87 fit 449) kj 


b 

Wood 1 kg 
17630 kj(±240)i 


Torrefaction reactor 
300°C, 10 min._J 


3541 kj 

forrelied Wood 0.668 kg 


Fig. 6 - Overall mass and energy balances for torrefaction 
of (dry) willow at temperature and reaction time of (a) 

250 C and 30 min (b) 300 °C and 10 min [2]. 
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Fig. 7 - Energy densification several biomass resources at different temperature and with different residence time [7,25]. 


This occurs at temperatures below 200 °C and is believed to be 
the main reason that biomass looses its tenacity and structure 
also by this reaction. 

The differences in reactivity of hemicellulose, cellulose 
and lignin are the reason to distinguish between two various 
torrefaction regimes, as proposed by Chen and Kuo [41]. A 
light torrefaction takes place below 240 °C and is character¬ 
ized by a significant decomposition of hemicellulose whereas 
cellulose and lignin are only slightly affected. A severe torre- 
faction occurs above 270 °C and is characterized by a notice¬ 
able effect on cellulose and lignin. The torrefaction 
experiments were performed for four kinds of biomass 
materials, including bamboo, willow, coconut shell, and 
wood. The differences between light and severe torrefaction 
are most visible for bamboo and willow. 

All basic constituents of biomass, namely hemicellulose, 
cellulose, and lignin, react during torrefaction independently 
and do not show synergetic effect, as observed by Chen and 
Kuo [42]. This conclusion follows from the comparison 
between torrefaction experiments carried out with indi¬ 
vidual components, including hemicellulose, cellulose, 
lignin, xylan and dextran and co-torrefaction of the blends of 
these individual components. Within a wide temperature 
range of 230-290 °C the weigh loss of the blendes were very 
close to those from the linear superposition of the individual 
samples suggesting no synergetic effect from the co- 
torrefaction. 

3.2. Kinetic models and weight loss kinetics 

The kinetics of biomass decomposition has been described 
with a variety of kinetic models [43,44]. Simplified models are 
used because of the wide range of reactions that occur during 
biomass pyrolysis. All these models are based on the 


decomposition of three different model components of 
biomass, namely hemicellulose, cellulose and lignin, and are 
used to derive the Arrhenius factor and the activation energy. 
Most of the decomposition kinetics is based on dynamic 
conditions, but the torrefaction process is assumed to operate 
at isothermal conditions. For pyrolysis (and so for the lower 
temperature regime of torrefaction) the basic models are the 
Broido—Nelson [45] and the Broido—Shafizadeh model [46]. 
The Broido-Nelson method (Fig. 9) is a model for cellulose 
pyrolysis in which a single step decomposition is assumed. 
Only the formation of end products is taken into account into 
this model. 



average parfde size (mm, volume based) 

Fig. 8 - Size reduction several untreated biomass, torrefied 
biomass and coal resources [20]. 
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volatile tars 



cellulose ———► char + low molecular weight volatiles 

Fig. 9 - Broido-Nelson model [45]. 



Fig. 11 - Koufopanos model [47]. 


In the Broido-Shafizadeh model (Fig. 10) multi-step cellu¬ 
lose decomposition is taken into account. Several interme¬ 
diate steps describe the pyrolysis kinetics of cellulose (A) into 
intermediate or final products and a volatile tar. 

Also Koufopanos et al. [47] developed a model (Fig. 11) to 
describe the pyrolysis of biomass. In this model more infor¬ 
mation about an intermediate step can be found. After an 
intermediate product gases and volatiles are formed in 
different way from the reaction in which char is formed. 

Prins et al. [10] summarized the main kinetics schemes 
that can be found in literature to four different mechanisms 
which are shown in Fig. 12. The different mechanisms vary in 
number of intermediate steps and relating reactions so also 
different reaction constants (kl, k2, k3, etc.) can be 
determined. 

A wealth of information can be found about all these 
biomass and wood decomposition models and its related 
kinetics. The kinetics and models mainly deal with informa¬ 
tion in the pyrolysis temperature range above 300 °C. A good 
overview is given by Di Blasi [43] . A subdivision hasbeenmade 
in one or multi components of primary pyrolysis, secondary 
reactions and multi-step mechanisms. 

Typical information about torrefaction kinetics is given by 
Prins et al. [10]. The weight loss kinetics during willow torre¬ 
faction is described with a two stage decomposition model by 
Di Blasi and Lanzetta [44] which can be seen in Fig. 13. Biomass 
A decomposes in an intermediate product B which is difficult 
to define and volatiles VI are formed. This intermediate 
product decomposes in a final char C and other volatiles V2. 
The first step is based on hemicellulose decomposition and 
the second stage represents the cellulose decomposition. For 
the two steps activation energies of 76.0 and 151.7 kj/mol, 
respectively, and pre-exponentional factors of 2.48 x 10 4 and 
1.10 x 10 10 kgkg _1 s _1 , respectively, were found for willow 
wood used as biomass resource. Di Blasi found activation 
energies of 76.0 and 143 kj/mol for the decomposition 
steps [9], 

Prins et al. [10] concluded that the kinetics of torrefaction 
can be described accurately by a two-step mechanism. The 
first step is faster than the second one, so that a demarcation 
time can be found. The demarcation time is the time when the 
first reaction is finished and the second one starts. 

The comparison of three phenomenological models to 
describe weight loss of wood torrefaction in a batch rotating 


Independent multistep reactions Overlapping multistep reactions 





Independent reactions Global one step 
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Fig. 12 - Various kinetic models for biomass 
decomposition. 


pilot kiln is presented by Repellin et al. [48], The authors 
applied the simple one equation model describing wood 
decomposition proposed by Permadi [49], the above- 
mentioned Di Blasi-Lanzetta model [44], and the Rousset 
model [50] which combines Di Blasi-Lanzetta model for 
hemicellulose decomposition with the Broido-Shafizadeh 
model [46] for cellulose decomposition. The torrefaction 
experiments were performed for beech and spruce chips in 
the temperature range of 160—300 °C and for all three models 
examined in this study a set of kinetic parameters are evalu¬ 
ated. A good agreement between experimental and modeled 
weight loss data is obtained for both biomass resources used. 
However, the simple model and the Di Blasi-Lanzetta model 
predict a higher reactivity for beech than spruce whereas 
Rousset model shows the higher reactivity for spruce than for 
beech. 


4. Technological applications 

4.1. Pelletization 

It is commonly known that various biomass resources differ 
in composition and so in behavior. Pelletization of biomass is 



I—► volatile tar 
k v 

Fig. 10 - Broido-Shafizadeh model [46]. 



A -► B -► C 

Fig. 13 - Two stage biomass decomposition mechanism by 
Di Blasi and Lanzetta. 
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in the pelletization step and the removal of the steam pre¬ 
conditioning from the pelletization step. 

Currently ECN operates a 50—100 kgdi pilot plant where 
biomass pellets are produced from a broad range of biomass 
streams, such as wood chips, agricultural residues and 
various residues from the food and feed processing industry 
[51]. These so-called 2nd generation pellets have superior 
properties in terms of high energy density (1.5—2x conven¬ 
tional pellets), excellent grindability and water resistant 
nature (eliminating/reducing biological degradation and 
spontaneous heating, and enabling outdoor storage). 

4.2. Torrefaction and gasification 


an interesting option to improve biomass properties to get 
more uniformity. Densification by means of pelletization is 
considered to be a proven technology to improve biomass 
properties for its conversion into heat and power. Pellets 
from torrefied biomass are attractive with respect to heating 
value, grindability, combustion nature, storage, transport 
and handling which make them attractive as replacement 
for coal in existing power stations. Energy research Centre 
Netherlands (ECN) [20,26,27] developed the so-called B0 2 
process (in initial literature also referred to as the TOP 
process) in which pellets are processed with torrefied 
biomass. Compared to non-torrefied pellets B0 2 pellets show 
better hydrophobic behavior, strength and higher density. 
The main characteristics of different pellets are shown in 
Table 3 [27], 

The B0 2 process combines torrefaction and pelletization 
and according to Fig. 14 torrefaction is introduced into the 
system as a unit after drying and before size reduction in 
comparison to a typical biomass pelletization process [20], The 
torrefaction process consists of several steps such as drying, 
torrefaction and cooling. The pelletization process comprises 
the steps of drying, size reduction, steam pre-conditioning, 
densification and cooling. Combining the torrefaction and 
pelletization process leads to the introduction of torrefaction 


Torrefaction is mainly used as pre-treatment technology to 
upgrade the biomass to a higher quality biofuel. This biofuel 
can be used in other conversion methods to produce bio¬ 
energy. The main application of torrefied biomass (wood) is 
as a renewable fuel for combustion or gasification. Prins et al. 
[2] studied the possibility of more efficient biomass gasifica¬ 
tion via torrefaction in different systems; air-blown circu¬ 
lating fluidized bed gasification of wood, wood torrefaction 
and circulating fluidized bed gasification of torrefied wood, 
and wood torrefaction integrated with entrained flow gasifi¬ 
cation of torrefied wood. 

The main idea behind combining biomass torrefaction and 
gasification is that the heat produced during gasification in the 
form of steam is recovered for application in the torrefaction 
stage. The advantages of torrefaction as a pre-treatment prior 
to gasification in three concepts are compared with each 
other. In Fig. 15a— c [2] three different gasification schemes are 
presented. 

• Fig. 15a shows biomass (wood) gasification in circulating 
fluidized bed (CFB). The CFB gasifier is operated below 
1000 °C at atmospheric conditions to avoid problems with 
ash softening and melting. Air is used as gasifying medium. 
The steam is exported at 280 °C at 45 bar. 


A: Pelletisation 



B: Torrefaction 



C: Torrefaction and Pelletisation (TOP process) 



Fig. 14 - Pelletization, torrefaction and TOP process schemes [20]. 
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Circulating Fluidized Heat Recovery / 

Bed gasifier Steam Generator 




Fig. 15 - Gasification process schemes (a) CFB gasification 
of wood, (b) wood torrefaction and CFB gasification of 
torrefied wood, (c) wood torrefaction integrated with EF 
gasification of torrefied wood [2]. 


Fig. 15b shows torrefied biomass (wood) gasification in an 
air-blown CFB gasifier. The volatile product is not used in 
the process. The acidic water can be condensed and the 
non-condensable gases combusted. 


• Fig. 15c shows torrefied biomass (wood) gasfication in an 
oxygen blown entrained flow gasifier. The torrefied wood is 
gasified at very high temperatures. At these high tempera¬ 
tures the volatiles will decompose into carbon monoxide 
and hydrogen. According to Prins et al. this method avoids 
the loss of organic material, because all product streams are 
effectively integrated in the gasification system and 
contribute to the production of syn-gas. 

The processes were modeled with Aspen Plus, version 11 
and the main interest was to estimate the effect of modifying 
the chemical composition prior to gasification. The other 
assumptions used are: 

• The mass and energy balances as shown in Table 1 are used 
as input for the simulation. 

• The torrefied wood is pulverized into particles of 100 pm and 
the energy requirement for this is 10—20 kWe/MWth, this 
amounts value of 3% and 2.5% of the fuel for torrefaction at 
250 °C and 300 °C. 

• Cryogenic air separation is used with an electricity 
requirement of 380 kWh/ton oxygen. 

• Operating temperatures of 950 °C and 1200 °C were assumed 
for CFB and EF gasification, respectively. The operating 
pressure was atmospheric. 

• The hot product gases from the gasifier are quenched with 
cold product gas to a temperature of 800 °C. Steam produced 
is partially used to provide heat for the torrefaction process. 

In Fig. 16 the overall gasification efficiency at varying 
gasification temperature for different process schemes on 
exergetic basis is shown: air-blown circulating fluidized bed 
gasification of wood, wood torrefaction and circulating fluid¬ 
ized bed gasification of torrefied wood, and wood torrefaction 
integrated with entrained flow gasification of torrefied wood. 
Compared to energy, exergy is not only taking the quantity of 
energy into account, but also the quality of the energy. Exergy 
is the maximum work possible during a process. Energy is 
never destroyed, but exergy accounts for the irreversibility of 
a process that occurred due to a production of entropy. 

It is shown that the integration of torrefaction and gasifi¬ 
cation results into higher exergy efficiency than stand-alone 
gasification. Torrefaction integrated into gasification leads 
always to the usage of a bone-dry solid product in the gasifier 
which always leads to higher efficiencies. The overall effi¬ 
ciency of air-blown CFB gasification is lower for torrefied wood 
than for wood, especially at a high torrefaction temperature 
when a lot of energy is contained in the volatiles, which are 
not used in the process. Prins et al. [2] concluded that “if the 
heat produced in the gasifier is used to drive the wood torre¬ 
faction reactions, the chemical exergy preserved in the 
product gas has been shown to increase provided that both 
torrefied wood and volatiles are introduced into the gasifica¬ 
tion process”. 

In Fig. 17 the exergetic efficiency of different process 
schemes are shown [2]. The efficiency is based on the exergy 
of product gas and steam relative to the exergy of the wood 
fuel. It is shown that overall efficiency comprises contribu¬ 
tions of the exergy of the steam, physical and chemical exergy 
of the product gas in relation to the input of the exergy of 
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Fig. 16 - Overall gasification efficiency on exergetic basis at varying gasification temperature for different process schemes 
at (a) 250 °C torrefied wood and (b) 300 °C torrefied wood [2], 


wood. Torrefaction at 300 °C integrated with gasification at 
1200 °C conserves the highest amount of chemical exergy in 
the product gas, the maximum possible amount of work that 
can be provided by the substance itself. On the other hand 
physical exergy depends only on physical conditions that are 
pressure and temperature. 

The above-described advantages of the gasification inte¬ 
grated with torrefaction are confirmed by experimental 
studies. Couhert et al. [52] carried out gasification experiments 
using torrefied beech wood in an Entrained Flow (EF) reactor. It 
was confirmed that torrefaction reduces O/C ratio in biomass 
and the quality of syn-gas is improved. Gasification of torre¬ 
fied wood produces 7% more hydrogen, 20% more carbon 
monoxide and approximately the same amounts of carbon 
dioxide as the original wood. 

Deng et al. [53] proposed a process which combines torre¬ 
faction of agricultural residues with co-gasification with coal 
in an entrained flow gasifier. The advantages of this process 
are location of torrefaction plant close to the gasifier (a 
common milling of torrefied biomass and coal in the mill), 
a possibility of using torrefaction gas as an energy source in 
the pyrolysis reactor, a possibility of mixing torrefaction 



air-blown CFB gasification (950“C) 0 2 -blown EF gasification (1200°C) 

Fig. 17 - Exergetic efficiency of different process schemes, 
see also Fig. 16 for the explanation of the cases. 
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liquids with a coal slurry, and improved gasification of moist 
biomass. 


5. Economic potential 

The torrefaction step represents an additional unit operation 
in the biomass utilization chain. The attendant capital and 
operating costs, as well as conversion losses are, however, off¬ 
set by savings elsewhere. The advantages of torrefaction are 
particularly pronounced for three applications at present, 
namely entrained flow gasification, small scale combustion 
using pellets and co-firing in pulverized coal fired power 
stations. 

For small scale combustion applications, logistics and 
storage are the key areas where B0 2 pellets have a competitive 
advantage over ordinary first generation wood pellets. For the 
other two applications just listed grindability is of particular 
significance, as it is quite difficult to obtain the right particle 
size and properties with virgin biomass. Size reduction is also 
energy intensive, as is transportation of low density biomass 
over long distances. 

Recent cost estimates [54] for the ECN torrefaction tech¬ 
nology indicate that the total capital investment of a stand¬ 
alone 75 kton/a plant will be in the range 6.1—7.3 M€. The 
assumed feedstock is wet softwood chips. The plant consists 
of a conventional rotary drum for drying the biomass, ECN 
torrefaction technology and conventional grinding equipment 
and pellet mill. No feedstock preparation (e.g. chipping) before 
drying was included. 

At ±75 ktonne/a production rate (design), the total 
production costs are calculated at 37 €/tonne product (2.0 €/ 
GJ), produced from a feedstock with 35% moisture content. At 
50% and 25% moisture content this is ±50 €/tonne (2.6 €/GJ) 
and 34 €/tonne (1.9 €/GJ) of product, respectively. The mois¬ 
ture content is one of the most influential parameters of the 
torrefaction process as it predominantly determines the 
energy input of the process. These data represent the added 
cost for the torrefaction process, assuming a zero cost of the 
biomass feedstock.biomass, ECN torrefaction technology and 
conventional grinding equipment and pellet mill. No feed¬ 
stock preparation (e.g. chipping) before drying was included. 


Table 4 summarizes the main outcomes of an economic 
analysis performed for four cases comparing TOP and 
conventional pelletization. The main cost items shown are the 
total capital investment (TCI) and the total production costs 
(TPC). Although depreciation and financing are items 
contributing to the TPC, they are also summarized individu¬ 
ally, as these items may be treated differently in discounted 
cash flow analyses. 

Table 5 shows the importance of economy of scale for 
torrefaction technology. These economic characteristics 
clearly offer opportunities to achieve profitable biomass-to- 
energy chains. 

A recent study [55] also includes a comparison of torre¬ 
faction and other pre-treatment option for the production of 
liquid fuels via entrained flow gasification and Fischer—Tropsch 
process. Its main conclusions are that pre-treatment signifi¬ 
cantly enhances the economic viability of synthetic trans¬ 
portation fuels, and that among the pre-treatment options 
studied, torrefaction has an edge over fast pyrolysis and 
conventional pelletization. The main conclusion of the 
assessment of ten various biomass-to-liquids production 
routes is that overseas torrefaction is the most attractive pre¬ 
treatment technology. The additional investments related to 
this pre-treatment step are less than the associated logistic cost 
reduction. 

This view is supported by a study about pre-treatment 
technologies, and their effects on the international bio¬ 
energy supply chain logistics [56]. It is indicated that torre¬ 
faction as pre-treatment technology seems a very promising 
option for minimizing logistic costs and energy use for long 
distance bio-energy transport. A chain analysis in this work 
including local biomass production, central gathering point 
where pre-treatment takes place, export and import termi¬ 
nals and final conversion unit is considered. The final 
conversion methods considered were Fischer-Tropsch (FT) 
fuels and power production by means of biomass integrated 
gasification combined cycle (BIGCC), combustion and co- 

Energy crops produced in Latin America were transported 
to The Netherlands. The costs of delivering biomass in the 
form of B0 2 pellets and pellets is 3.3€/GJ and 3.9€/GJ, 
respectively. This includes the biomass source, transport and 
pre-treatment. Transportation of torrefied pellets is much 


Table 4 - Economic performance characteristics of the pelletization of sawdust and green wood (hardwood) for the 


conventional pelletization process and the B0 2 process. 

Item 

Unit 

Conventional 

pelletization 

B0 2 process 

Conventional 

pelletization 

B0 2 process 

Feedstock 


Sawdust 

Sawdust 

Green wood 

Green wood 

Production rate 

kton/a 

80 

56 

80 

56 

Total capital investment 5 

M€ 

3.9 

5.6 

5.9 

7.4 

Total production costs b 

€/ton 

41 

45 

54 

50 


€/GJ 

2.6 

2.2 

3.4 

2.5 

Financing 

€/ton 

2.0 

4.4 

3.2 

5.9 

Depreciation 

€/ton 

4.0 

8.8 

6.5 

11.7 


Capacities and costs are related to tonnages of product, 
a including working capital of about 0.5-0.7 MEURO. 
b Including cost items financing and depreciation. 
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1 Table 5 - Economies of scale for torrefaction technology. 1 


36 ktonne/a 

75 ktonne/a 

112 ktonne/a 

Investment 

4.7 M€ 

6.7M6 

7.3 M€ 

Total production 

3.1 €/GJ 

2.5 €/GJ 

1.6 €/GJ 


cheaper than pellets. Delivering liquid energy carriers at an 
intermediate harbor is more expensive than solid torrefied 
pellets. The delivery costs of bio-oil vary between 4.7 and 
6.6 €/GJ including biomass production, transportation, 
storage and pre-treatment. Delivering power in the form of 
electricity costs at least 4.4 €/kWh from an existing co-firing 
plant and 4.6 €/kWh from a BIGCC. 

It was also shown that economy of scale plays an impor¬ 
tant role in costs of pre-treatment. A torrefaction and pellet¬ 
ization capacity of more than 40 MWth did not gain more on 
the economy of scale. On a scale of 19 MWth the delivery costs 
increase with 16%. 

It was concluded that torrefaction in combination with 
pelletization is the optimum supply chain from the economic 
and energy efficiency perspective, B0 2 supply converted to FT- 
liquid is the optimal synfuel production chain and B0 2 supply 
converted to power either by BIGCC or existing co-firing 
facility are the optimal chains. 

Various biomass pre-treatment processes which increase 
energy density of biomass feedstock used for Biomass-to- 
Liquid (BTL) technology are compared by Magalhaes et al. 
[57], These processes include rotating cone pyrolysis, fluidized 
bed reactor pyrolysis, and torrefaction combined with pellet¬ 
ization (TOP) technology. In this study a techno-economic 
assessment of production of Fischer-Tropsch fuels from 
biomass cultivated in Europe is performed. The economic 
evaluation shows that the torrefaction technology is the most 
cost-effective for the BTL plant located in the Netherlands 
with a capacity of 1000 MWth synthesis gas. Moreover, envi¬ 
ronmental assessment of all above-mentioned pre-treatment 
technologies indicates that the torrefaction is also in this case 
the most environmentally friendly technology in terms of C0 2 
avoided. 


6. Conclusions 

Some biomass properties, particularly high O/C ratio and 
difficulty to get small particle size, form problems for tech¬ 
nological application of biomass. Torrefaction has the poten¬ 
tial to become an important biomass pre-treatment 
technology and so improve the biomass to a high quality solid 
fuel with good characteristics in energy density, homogeneity, 
grindability and hydrophobic behavior. The main advantage 
of torrefaction is improvement of energy density and grind- 
ability. Further research on kinetics is recommended to get 
data needed for reactor design in large scale. Also further 
research on the product characteristics is recommended. 
Characteristics such as pelletization, biological degradation 
and dust forming of the solid biomass need more attention. It 
is shown that torrefaction offers efficiency advantage when 
used as a pre-treatment step before entrained flow 
gasification. 
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